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To dissect themolecular mechanisms underlying con-
vergent extension (CE), a prominent set of cell move-
ments during Xenopus gastrulation, we performed
a functional expression screen and identified a
GTPase-activating protein forADP ribosylation factors
(ArfGAP), which we termed XGAP. We demonstrated
that XGAP is required to confine or restrict the cellular
protrusive activity to the mediolateral ends of cells,
where XGAP is normally localized, and therefore for
the proper intercalation of cells participating in CE.
We also demonstrated that a C-terminal conserved do-
main of XGAP, but not its GAP activity, is required and
sufficient for this intracellular localization and func-
tion.We further showed that XGAPphysically interacts
with the known polarity proteins 14-3-33, aPKC, and
PAR-6 and directs them to the mediolateral ends of
dorsal mesoderm cells during gastrulation. We pro-
pose that XGAP controls CE through the restriction
and maintenance of partitioning-defective (PAR) pro-
teins in the regions that harbor protrusive activity.
Introduction
Xenopus gastrulation, which involves the dynamic rear-
rangement of the three germ layers, occurs primarily in
the dorsal embryo and results from the orchestration
of various cell movements. Recently, convergent exten-
sion (CE), one of the cell-movement processes in gastru-
lation, has drawn considerable attention (Keller, 2002;
Wallingford et al., 2002). CE consists of two major cellu-
lar events: polarization and intercalation. The polariza-
*Correspondence: nueno@nibb.ac.jption of the dorsal mesodermal cells, which align and in-
tercalate mediolaterally, is organized according to the
intrinsic axis polarity of the embryo (Ninomiya et al.,
2004). The intercalating cells are driven by mediolaterally
polarized protrusive activity; they appear as spindle-
shaped cells (Keller, 2002). These movements narrow
(converge) and elongate (extend) the tissues along the
body axis, eventually pushing the head away from the
tail, and produce a driving force for the gastrulation
movements (Keller, 2002). These movements appear to
be driven by internal forces independent of other tissues
and external substrates, given that Keller explants dis-
sected from the dorsal region, including the presumptive
notochordal, somatic, and neural tissues, can converge
and extend in a culture dish (Keller and Danilchik, 1988).
The signaling pathway regulating gastrulation in ze-
brafish and Xenopus is thought to be similar to that es-
tablishing planar cell polarity (PCP) in the Drosophila
wing, ommatidia, and notal bristles, called the Wnt/
PCP pathway (Heisenberg et al., 2000; Mlodzik, 2002;
Tada and Smith, 2000; Ueno and Greene, 2003). In Xen-
opus, the loss of function of PCP components results in
gastrulation defects as a consequence of the aberrant
mediolateral alignment of dorsal mesodermal cells and
the resulting insufficient intercalation (Kuhl, 2002; Take-
uchi et al., 2003; Ueno and Greene, 2003; Wallingford
et al., 2000; Yamanaka et al., 2002; Ohkawara et al.,
2003). Although these reports show that the Wnt/PCP
pathway plays a major role in the regulation of CE and
identified the molecules essential for CE, it remains to
be learned when the polarization of dorsal mesoderm
cells is initiated and how the cell polarity is actually es-
tablished by those molecules.
Recently, another clue as to the cell polarity during
gastrulation was obtained from functional analyses of
polarity proteins such as the partitioning defective
(PAR) proteins; like PCP, PAR proteins are required for
gastrulation in Xenopus (Kusakabe and Nishida, 2004).
These proteins, including aPKC, PAR-3, PAR-6, 14-3-
3/PAR-5, and PAR-1, constitute an essential system
for regulating a variety of cellular processes related to
cell polarity, including asymmetric cell division in the fer-
tilized C. elegans egg and Drosophila neuroblast (Ohno,
2001; Pellettieri and Seydoux, 2002; Betschinger and
Knoblich, 2004), the apical-basal polarity of epithelial
cells (Macara, 2004; Suzuki et al., 2004), and neuronal
polarity (Nishimura et al., 2004). In Xenopus, the polar-
ity-inducing kinase PAR-1 controls gastrulation in coop-
eration with 14-3-3/PAR-5 and aPKC (Kusakabe and
Nishida, 2004). It is possible that a similar system is
used to establish the bipolarity of the dorsal mesoder-
mal cells that participate in gastrulation cell movements
inXenopus, although it is still unclear whether these pro-
teins are distributed in a polarized manner in the cells
during gastrulation, and the mechanism by which cell
polarity is triggered and established prior to intercala-
tion and the coordination of cell movements has re-
mained to be investigated.
To address the mechanisms regulating gastrulation,
we performed a functional screen and identified
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found that it controls the morphological cell movements
of gastrulation. Our data suggest that polarization along
the mediolateral axis in gastrulation cell movements em-
ploys a regulatory system involving PAR proteins that is
common to the apical/basal polarization in epithelial
cells and that this XGAP function is a prerequisite for
PAR proteins to function in establishing cell polarity.
Results
Isolation of XL221p20 as a Gene Essential
for Gastrulation
We first constructed a cDNA library with mRNAs from
elongating DMZ explants (Keller explants; see Experi-
mental Procedures). Using this library, we performed
a functional screen to identify candidates for gastrula-
tion-regulating genes. The mRNAs synthesized from
pooled clones were injected into the two dorsal blasto-
meres of four-cell-stage embryos. The mRNA pools
that caused a shortened AP axis, spina bifida, and/or
failure to elongate in Keller explants were considered
positive and rescreened to isolate a single clone. After
the screening of 1,535 cDNAs, we found 105 genes, ap-
proximately 6.8% of all the screened clones, were posi-
tive by the above criteria.
XL221p20 was one candidate whose overexpression
caused gastrulation defects. In the screening, 1 ng of
XL221p20 mRNA caused a short trunk or spina bifida
in approximately 27% of the injected embryos (Figures
1A and 1B), while it had little effect on the elongation
of Keller explants (see below).
To test whether the overexpression of XL221p20 af-
fected mesodermal differentiation, we examined the ex-
pression of Xbra and Xwnt11 as mesodermal marker
genes and goosecoid (gsc) as a dorsal marker gene by
whole-mount in situ hybridization (WISH). The expres-
sion of all three marker genes was unaffected by the
overexpression of XL221p20 mRNA, even though the
embryo exhibited delayed involution (Figure 1C, upper
panels versus lower). This result indicated that the gas-
trulation defect caused by XL221p20 overexpression
was not a secondary consequence of the inhibition of
mesodermal differentiation.
The spatial expression pattern of XL221p20 during
embryogenesis by WISH showed that at the onset of
gastrulation, XL221p20 transcripts were dorsally en-
riched (Figures 1Da versus 1Dg). In the hemisection at
this stage, XL221p20 mRNA was detected in the involut-
ing marginal zone and in the ectoderm adjacent to the
mesodermal layer (Figures 1Dd and 1De). At the neurula
stage, XL221p20 was expressed intensely at the dorsal
midline (Figures 1Db and 1Dc versus 1Dh and 1Di, re-
spectively), in the dorsal half of the notochord, where
cell intercalation takes place during gastrulation (Fig-
ure 1Df). These patterns indicated that XL221p20 is ex-
pressed where dynamic cell movements occur during
gastrulation.
XL221p20 Encodes a GAP Belonging to the ArfGAP3
Family
The deduced primary structure of XL221p20 revealed
that it encodes a GTPase-activating protein (GAP) com-
posed of 524 amino acids; thus, we named it XGAP.Because XL221p20 included the full-length XGAP cDNA,
its overexpression was thought to cause a gain of XGAP
function in the screen (Figures S1A and S1B). XGAP is
closely related to the GAPs for a small G protein family,
the ADP-ribosylation factors (ARFs) (Casanova, 2003;
Figure 1. Identification of XL221p20 as a Molecule that Plays a Role
in Gastrulation, by Expression Cloning
(A and B) Overexpression of XL221p20 causes gastrulation defects.
The percentages of normal (open), short trunk (shaded), and spina
bifida (solid) embryos are indicated in (B) (n = 60).
(C) Mesodermal specification is unaffected by XL221p20 overex-
pression. The expression of goosecoid (gsc), Xenopus brachyury
(Xbra), and XenopusWnt11 (Xwnt11) was detected by WISH at stage
11 (dorsal-vegetal view). Both control (ctrl; upper panels) and
XL221p20-overexpressing (lower panels) embryos were given injec-
tions of b-gal as a lineage tracer (red).
(D) XL221p20 is expressed in the axial mesoderm and neuroecto-
derm in gastrulae. The XL221p20-expressing region was detected
by WISH at stage 11 (Da, Dd, De, and Dg), stage 13 (Db and Dh),
and stage 15 (Dc, Df, and Dl). An enlarged view of the hemisection
image ([Dd], square) is shown in (De). The triangle in (Df) points to
the notochord. No signal was detected by the sense probe (Dg–Di).
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71Randazzo et al., 2000). Unlike several well-known Arf-
GAPs, including GIT, ACAP, and ASAP, all of which pos-
sess other functional domains, such as PH and SH3 do-
mains (Randazzo and Hirsch, 2004), the only known
domain we found in XGAP was a GAP catalytic domain,
which was most similar to that of ArfGAP3 (Liu et al.,
2001) (ARG3; Figure S1A). The predicted amino acid se-
quences of XGAP and xARG3 have 96% identity in the
GAP domain (amino acid residues 1–126) and 79% iden-
tity over the entire coding region. In addition to the GAP
domain, we found another highly conserved domain
(amino acid residues 410–524) with no evident homol-
ogy with known motifs, in the C terminus of XGAP and
the ARG3 from Xenopus, human, mouse, and zebrafish
(Figures S1A and S1B).
To determine whether XGAP and xARG3 are coregu-
lated pseudoalleles and functionally equivalent, we per-
formed reverse transcription PCR (RT-PCR) to examine
their temporal expression patterns with specific primer
sets for each. XGAP was maternally provided and
expressed throughout early embryogenesis, whereas
xARG3 expression began later in embryogenesis, after
gastrulation was initiated (Figure S1C). This temporal
difference indicated that XGAP and xARG3 are indepen-
dently regulated.
XGAP-Mo Perturbs Gastrulation Cell Movements
without Affecting Cell Fates
To investigate the in vivo function of XGAP, we attemp-
ted to deplete XGAP with an antisense morpholino oli-
gonucleotide (XGAP-Mo) specific to XGAP. First, we
confirmed that XGAP-Mo inhibited the translation of
XGAP mRNA specifically. XGAP-Mo, but not the control
Mo (Ctrl Mo), blocked the protein production of a Venus-
tagged XGAP construct, including the original 50UTR
(utrXGAP-vn). In contrast, the translation of resXGAP,
a rescuing construct that had several mutations in the
target site of XGAP-Mo, was not affected (Figure 2A).
To inhibit XGAP synthesis, the Mo was injected into
the two dorsal blastomeres of a four-cell-stage embryo.
It did not affect involution at the onset of gastrulation but
delayed epiboly and closure of the blastopore (data not
shown). WISH revealed that the dorsal mesodermal re-
gion expressing chd expanded laterally, the movement
of the prechordal plate marked by gsc-positive cells
was attenuated and shifted posteriorly, and the noto-
chord marker Xnot was split into two domains at the
end of gastrulation (Figure S2). Consequently, XGAP-
Mo caused spina bifida and short-trunk embryos in
a dose-dependent manner (Figures 2B and 2C). These
gastrulation-defective phenotypes could be partially
rescued by the coexpression of resXGAP (Figures 2B
and 2C and Figure S4). This result suggested that
XGAP is required for normal gastrulation.
To confirm that XGAP-Mo did not change the cell
fates, we examined the expression of several marker
genes in DMZ explants by RT-PCR. The expression of
mesodermal markers (Xbra, Xwnt11, and myf5), dorsal
mesodermal markers (gsc, chd), an anterior neural
marker (otx2), and a ventral marker (bmp4) was not
affected by XGAP-Mo compared with the Ctrl Mo (Fig-
ure 2D and data not shown). We also examined the
subsequent mesodermal tissue differentiation, by im-
munohistochemistry. Despite the change in overall mor-phology, the notochord and somites differentiated nor-
mally in the XGAP-Mo-injected embryos (Figure 2E).
These data indicated that XGAP is essential for the con-
trol of gastrulation, particularly for cell movements
rather than for cell specification.
XGAP-Mo Inhibits the Intercalation of Dorsal
Marginal Cells
Many molecules with a role in gastrulation cell move-
ments cause defects in whole embryos and impair the
elongation of Keller explants by both the gain and loss
of their function. However, in our initial screen, a gain
of XGAP function did not seem to appreciably affect
the elongation of Keller explants. To examine the effect
of XGAP mRNA and XGAP-Mo on the elongation of Kel-
ler explants in more detail, we carefully observed the
elongating explants over time. The elongation speed of
explants from XGAP-Mo-injected embryos was severely
retarded, and as a result, their final average length/width
ratio was approximately 50% that of uninjected controls
(Figures 2F and 2G). Interestingly, the overexpression of
XGAP slightly increased the initial rate of elongation
(Figures 2F and 2G). In retrospect, we think that the ac-
celerated intercalation caused by the overexpression
disrupted the normal gastrulation process in the initial
screen (Figure 1A). The results from these experiments
suggested that XGAP has an important role in the effi-
ciency of tissue elongation along the AP axis.
We further examined the effect of XGAP-Mo at the cel-
lular level. To observe the intercalating cells in Keller ex-
plants, one of two distinguishable lineage tracers, Venus
and RFP, which carried sequences that rendered them
membrane bound, was injected into each of the two dor-
sal blastomeres of four-cell-stage embryos. The prog-
ress of intercalation was calculated by the proportion
of cells positive for one fluorescent marker that were
surrounded by cells with the other marker, which indi-
cates the extent of the cell mixture of two laterally orig-
inated group of cells after intercalation. In the control
embryos, the spindle-shaped morphology and vigorous
intercalation of dorsal mesodermal cells were observed
(Figure 2H; 43.5% 6 12.3%). The XGAP mRNA-injected
side of the explants also showed cell intercalation, to
a similar extent as the control side (data not shown;
40.7% 6 18.9%). However, the XGAP-Mo-injected side
showed impaired cell intercalation and a disruption of
the isodiametric cell morphology (Figure 2H; 21.3% 6
9.4%). The length/width ratio of the XGAP-Mo-injected
cells was approximately 50% that of the control cells
(Figure 2I). These results strongly suggested that
XGAP is required for normal cell intercalation because
it enables cells to form the spindle-shaped morphology,
which is one of the main events associated with the CE
movements in the DMZ.
XGAP Is Required to Confine the Protrusions
to the Two Tips of the Polarized Cells in the DMZ
It is known that the mediolateral intercalation of meso-
dermal cells is driven by mediolaterally polarized protru-
sive activity and that the Wnt/PCP pathway regulates
cortical actin dynamics (Wallingford et al., 2000; Iioka
et al., 2004). To test whether XGAP affects the induction
of the protrusions before the orientation, XGAP mRNA or
XGAP-Mo was injected into the animal pole with Xwnt11
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tion of Dorsal Mesoderm Cells Undergoing
Gastrulation
(A) A morpholino-antisense oligonucleotide
(Mo) for XGAP specifically inhibits the trans-
lation of XGAP mRNA. XGAP mRNA, con-
structed to generate a fusion protein with
a variant of YFP (Venus, vn) (Nagai et al.,
2002), was injected with or without each Mo
into the animal pole of two-cell-stage em-
bryos. XGAP-vn protein was detected by
Western blotting with an anti-GFP polyclonal
antibody. Flag-tagged b-globin was detected
as the loading control.
(B and C) XGAP-Mo causes gastrulation de-
fects. The external appearance was exam-
ined at stage 35 ([B] and [C]; n = 120, gray
and black indicate a short trunk and spina bi-
fida, respectively). The gastrulation-defective
phenotypes caused by the Mo were partially
rescued by the coinjection of resXGAP (100
pg, 200 pg) in a dose-dependent fashion (C).
In the absence of XGAP-Mo, resXGAP mani-
fested the effects of XGAP overexpression,
consistent with our initial observation (C).
(D) Cell fates are unaffected by XGAP-Mo.
Whole embryos or DMZ explants that had re-
ceived injections of Ctrl Mo or XGAP-Mo were
harvested at the midgastrula stage and then
analyzed by RT-PCR with primer sets for
Xbra, Xwnt11,myf5, gsc, chd, otx2, andODC.
(E) Mesodermal differentiation is unaffected
by XGAP-Mo. Each Ctrl Mo- or XGAP-Mo-in-
jected embryo was harvested at stage 30,
and the notochord and somites were immu-
nostained with the MZ15 and 12/101 anti-
bodies, respectively.
(F and G) XGAP-Mo attenuates the elongation
of Keller explants. Keller explants from em-
bryos given injections of XGAP mRNA (upper
panels in [F], squares in [G]) or XGAP-Mo
(lower panels in [F], triangles in [G]) or that
did not receive the injections (uninj; the sec-
ond row in [F], circles in [G]) were excised at
stage 10.5, and the explants were cultured
and their elongation monitored for 12 hr.
Photographs were taken every 2 hr (F), and
the length and width were then measured to determine the time course of elongation ([G], n = 20). The error bars represent standard error.
(H) XGAP-Mo inhibits the intercalation in the dorsal mesoderm. XGAP-Mo or Ctrl Mo was coinjected with Venus with a membrane bound se-
quence (mb-Venus) into one of the two dorsal blastomeres at the four-cell stage. Ctrl Mo and RFP with a membrane bound sequence (mb-
RFP) were coinjected into the other dorsal blastomere. We repeated this experiment more than three times.
(I) XGAP-Mo disrupts the isodiametric cell morphology. Each cell in the intercalation experiment (H) was measured for length along the ML axis
and width along the AP axis, and the length/width ratio was calculated (n = 25). The error bars represent standard error.and Xfz7 mRNA. However, neither XGAP mRNA nor
XGAP-Mo affected the protrusive formation induced
by Xwnt11 and Xfz7 in the animal cap cells (Figure S3).
Next, to examine the protrusive behavior of the cells,
membrane bound RFP was injected into one of the
two dorsal blastomeres and observed by time-lapse re-
cording. In the controls, the labeled cells were polarized
by active protrusions that repeated extension and with-
drawal at the mediolateral ends during time-lapse re-
cording (Figure 3A). In contrast, the polarity of the active
protrusions was disrupted in the experimental cells into
which XGAP-Mo with Venus had been injected, even
though the surrounding normal cells made the labeled
cells elongate mediolaterally by wedging between
them (Figure 3A). This result showed that the polariza-
tion of the protrusions is cell autonomous. The number
of active protrusions in the mediolateral (ML) andanteroposterior (AL) regions was then counted to assess
the orientation of the protrusions (Figure 3B). The orien-
tation of the active protrusions was random in the
XGAP-Mo-injected explants, while 80% of the protru-
sions were in the mediolateral region in the controls
(Figure 3C). The defect in orientation caused by XGAP-
Mo was suppressed by the coinjection of resXGAP (Fig-
ures 3A and 3C). These data suggested that XGAP is re-
quired not for the formation of active protrusions but for
confining them to the mediolateral sides of cells during
intercalation.
To investigate the subcellular localization of XGAP in
the intercalating cells, we next expressed Venus-fused
XGAP (vn-XGAP) to target the DMZ cells. vn-XGAP par-
tially rescued the gastrulation-defective phenotype
caused by XGAP-Mo (Figure S4) and therefore was
a functional construct. Interestingly, this rescuing
Requirement for XGAP in Xenopus Gastrulation
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(A) XGAP-Mo disrupts the orientation of the active protrusions. mb-RFP was injected into one dorsal blastomere of 4-cell-stage embryos with
Ctrl Mo (left panels), XGAP-Mo (middle panels), or XGAP-Mo and resXGAP (right panels). The active protrusions (arrowheads) of the mb-RFP
expressing cells, which were surrounded by normal (unlabeled) cells, were observed by time-lapse recording by using confocal microscopy.
(B and C) XGAP is required to confine the active protrusions to the mediolateral sides of the cells. The positions of the active protrusions were
determined, and the numbers in the mediolateral (ML; blue) or anteroposterior (AP; orange) region were counted. The active protrusions were
mediolaterally biased in the control cells (77.6% ML and 22.4% AP; 27 cells/7 explants) but were randomly distributed in the XGAP-Mo-injected
cells (52.2% ML and 47.8% AP; 48 cells/10 explants). This randomization was reversed by the coinjection of resXGAP mRNA (70.1% ML and
29.9% AP; 28 cells/11 explants). Differences were statistically significant (p < 0.01) by ANOVA. The error bars represent standard error.
(D) vn-XGAP accumulates at the tips of spindle-shaped cells in the DMZ. DMZ explants from embryos that had been given an injection of a low
concentration of Venus or vn-XGAP mRNA, which caused no phenotype, were dissected at stage 10.5 and observed by confocal microscopy.
The arrowheads point to both tips of a spindle-shaped cell. The lower panels show the intensity of Venus. The magenta bar indicates the x axis
and scanning was from left to right.vn-XGAP protein was detected in the perimembrane re-
gion and very often accumulated at the tips of spindle-
shaped cells undergoing intercalation (Figure 3D). More-
over, this localization of vn-XGAP was specific to the
DMZ, and it was seen neither in the VMZ nor in animal
caps (data not shown). These data indicated that
XGAP is localized to bipolar positions in the dorsal me-
sodermal cells and acts to confine the active protrusions
to both ends.
The C Terminus of XGAP Is Necessary and Sufficient
for the Regulation of Gastrulation Movements
We next asked whether GAP activity is essential for the
gastrulation cell movements. To examine the impor-
tance of the GAP domain in rescuing the Mo phenotype,
we constructed several different XGAP deletion mutants
(Figure 4A). Surprisingly, the GAP domain-deleted con-
struct (XGAP-DN; 127–524AA), which lacks GAP activity
(described in Discussion), reversed the Mo-inducedphenotype in whole embryos in a dose-dependent man-
ner (Figure 4C). This result indicated that the GAP activ-
ity of XGAP is not essential for accelerating the gastrula-
tion cell movements. In contrast, the C-terminally
deleted mutants (XGAP-N; 1–126AA and XGAP-DC; 1–
408AA) failed to rescue the Mo phenotype (Figures 4B
and 4D). In addition, the C-terminal domain of XGAP
(XGAP-C; 409–524AA) alone could rescue the Mo phe-
notype (Figure 4E). These findings demonstrated that
the highly conserved C-terminal region of XGAP is re-
quired and sufficient for XGAP’s function in gastrulation.
To investigate the relationship between the function of
XGAP in gastrulation and its subcellular localization, we
used a Venus-tagged version of each construct. The
constructs that could restore the Mo phenotype,
XGAP-DN and XGAP-C, accumulated at the tips of spin-
dle-shaped cells like wild-type XGAP (Figures 4G and
4I), while the localization of the C-terminal-deleted mu-
tants, XGAP-N and XGAP-DC, was diffuse (Figures 4F
Developmental Cell
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main, Is Essential for XGAP to Control Gastrulation Cell Movements
(A) Truncated constructs of XGAP and a summary of their Mo pheno-
type-suppressing activity and intracellular localization. The orange
box and green box indicate the GAP domain and conserved region,
respectively.
(B–E) Suppression of the XGAP-Mo phenotype by coinjection of
each truncated mRNA. XGAP-DN and XGAP-C, but not XGAP-N
and XGAP-DC, suppressed the gastrulation-defective phenotype
caused by XGAP-Mo, in a dose-dependent manner (100 pg, 200
pg, or 500 pg; n = 70). XGAP-DC appeared to be a null allele.
(F–I) Intracellular localization of each truncated construct of XGAP in
the DMZ. The mRNA for each Venus-tagged construct was injected
into the dorsal blastomeres at the four-cell stage at a low dose (100
pg) that induced no phenotype. XGAP-DN and XGAP-C, but not
XGAP-N or XGAP-DC, accumulated at the tips of the spindle-shaped
cells. XGAP-C was also detected in the nucleus. White dots indicate
the cell shape. The lower panels show the intensity of Venus. The
magenta bar indicates the x axis and scanning was from left to right.and 4H). Together, these data indicated that the C-termi-
nal region of XGAP is important for both its bipolar sub-
cellular localization and its function in cell intercalation.
Extra-GAP Domain of XGAP Interacts with PAR
Protein
Our next interest was in how XGAP functions to estab-
lish cell polarity in the absence of GAP activity. To ad-
dress this question, we sought to identify molecules
that physically interact with XGAP. We screened for
XGAP-interacting proteins by pull-down assay followed
by mass-spectrometry analysis with XGAP’s closest
counterpart, human ARG3 (hARG3). Flag-tagged hARG3
or hARG3 lacking the GAP domain (hARG3-DN) were ex-
pressed in HEK293T cells and pulled down by an anti-
Flag antibody. In this screen, 14-3-33 that is related to
PAR-5 was found to interact with both proteins, which
suggested that 14-3-33 binds to hARG3 through the ex-
tra-GAP domain. We also confirmed this interaction with
GST-tagged XGAP and Flag-tagged Xenopus 14-3-33
(Figure 5A).
To examine the functional consequence of the inter-
action between XGAP and 14-3-33, we observed the in-
tracellular localization of the RFP-tagged 14-3-33 inXen-
opus embryos. We observed that 14-3-33 accumulated
weakly at the perimembrane of the spindle-shaped cells
in the DMZ, while it was uniformly distributed within an-
imal cap cells (Figure 5B and data not shown). Next,
Venus-tagged XGAP was coexpressed with RFP-14-3-33
to investigate the effect of XGAP on its distribution. Con-
sistently, either XGAP or XGAP-DN, but not XGAP-DC,
colocalized with 14-3-33 and enhanced the polarized lo-
calization of 14-3-33 (Figure 5B). This result suggests
that XGAP functions to confine 14-3-33 to the mediolateral
ends of the cells through XGAP’s C-terminal region.
aPKC Phosphorylates XGAP and Enhances Its
Binding to 14-3-3
According to recent reports, the partitioning defective
(PAR) proteins, which include 14-3-3/PAR-5, PAR-6,
aPKC, and PAR-1, are required for the gastrulation
movements (Kusakabe and Nishida, 2004; Ossipova
et al., 2005). The relationship between XGAP and 14-3-
33 raised the possibility that the action of XGAP corre-
lates closely with that of the PAR proteins in the estab-
lishment of polarity in the cells undergoing gastrulation.
To investigate whether XGAP is involved in the PAR pro-
tein functions, we first performed immunoprecipitation
assays to test for physical interactions between the
XGAP and PAR proteins. We found that xPAR-6 or
xPKCl, but not xPAR-1 or rPAR-3, was pulled down
with XGAP (Figure 6A and data not shown), indicating
that XGAP binds at least to the xPAR-6 and xPKCl.
To examine whether XGAP is phosphorylated by
aPKC, GST-XGAP was coexpressed with Flag-xPKCl
and pulled down by glutathione-Sepharose beads. In
the presence of PKCl, the amount of 14-3-33 precipi-
tated with XGAP increased significantly (Figure 6B).
The increased level of XGAP phosphorylation at Ser res-
idue(s) detected by an anti-phospho-serine antibody
and the 14-3-33 bound to XGAP were cancelled by the
coexpression of PKClKE, a dominant-negative form of
PKCl (Figure 6B). These data indicate that XGAP is
Requirement for XGAP in Xenopus Gastrulation
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(A) 14-3-33 binds to XGAP. Flag-tagged 14-3-33 and GST or GST-tagged XGAP were expressed in HeLa cells, and the lysate was pulled down by
glutathione-Sepharose beads.
(B) XGAP directs the localization of 14-3-33 through XGAP’s C-terminal region. The mRNA of mRFP-tagged 14-3-33 with or without the mRNA of
each truncated construct of Venus-tagged XGAP was coexpressed in the DMZ.phosphorylated on at least its Ser residue(s) by aPKC,
which enhances its binding to 14-3-3.
XGAP and PAR Proteins Are Mutually Required for
the Localization to the Mediolateral Ends of Cells
We then observed the intracellular localization of the
PAR proteins in dorsal marginal cells. We found that
Venus-tagged xPAR-6 and xPKCl accumulated at both
tips of the bipolar cells in the DMZ (Figure 7A), although
we could not examine xPAR-1 localization because of its
toxicity (data not shown). To further investigate the func-
tional relationship between XGAP and xPAR-6 or
xPKCl, we examined the intracellular localization of
xPAR-6 and xPKCl in the presence or absence of
XGAP. XGAP-Mo disrupted the polarized localization
of both xPAR-6 and xPKCl and this aberrant localization
was restored by coinjecting resXGAP (Figure 7A). This
result indicated that XGAP is required for the mediolat-
eral localization of the xPAR-6 and xPKCl proteins.
We also observed the Vn-XGAP localization in the
cells from which PAR-6 or xPKCl activity is depleted,
to test whether the polarized localization of XGAP re-
quires these PAR proteins. As a result, not only the spin-
dle-shape cell morphology but also the mediolaterallocalization of Vn-XGAP was inhibited by PAR-6 Mo or
xPKClKE, a dominant negative form of xPKC (Fig-
ure 7B). In addition, the speckle-like localization of
XGAP in PKClKE injected cells indicates that PKC
may be required for the membrane localization of
XGAP. Taking these data together, we propose that
XGAP forms a complex with PAR proteins and acts co-
operatively with them to polarize the cells undergoing
gastrulation cell movement.
Discussion
A GTPase-Independent Function of XGAP Is
Required for Gastrulation
XGAP is a member of a GAP subfamily, the ArfGAPs,
which target small G proteins. The ArfGAPs comprise
a large family of proteins named for their ability to induce
the hydrolysis to GDP of GTP bound to Arf (Randazzo
and Hirsch, 2004). One obvious possibility was that
XGAP regulates gastrulation cell movements by control-
ling ARF activity. An unexpected finding in this study,
however, was that the C-terminal conserved region of
XGAP, but not its N-terminal region that includes the
GAP catalytic domain, was necessary and sufficient toFigure 6. XGAP Interacts with PAR-6 and
aPKC
(A) XGAP binds to xPAR-6 or xPKCl. GST-
tagged XGAP was expressed with Flag-
xPAR-1, Flag-xPKCl, Flag-xPAR-6, or Myc-
rPAR-3 in HeLa cells.
(B) aPKC phosphorylates XGAP and facili-
tates the binding of XGAP with 14-3-3. Phos-
phorylated XGAP was detected by an anti-
phospho-serine antibody. xPKClKE is a
dominant-negative form of xPKCl described
previously (Nakaya et al., 2000).
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ally Required for the Intracellular Localization
(A) XGAP regulates the localization of xPAR-6
and xPKCl proteins. Venus-tagged xPAR-6
or xPKCl was coinjected with or without
XGAP-Mo into two blastomeres to destine
them to the animal cap or DMZ. The XGAP-
MO phenotype in DMZ was rescued by
resXGAP. The horizontal plane is the medio-
lateral axis. The insets show the disruption
of their polarized localization even in the
XGAP-Mo-injected cells with spindle-shape
morphology like Figure 3A.
(B) xPAR-6 and xPKCl are required for the
polarized localization of XGAP. Venus-
tagged XGAP was coinjected with xPAR-6
Mo or xPKClKE and fated to DMZ. The mem-
brane bound RFP was also injected to mark
the cell membrane. The horizontal plane is
the mediolateral axis.promote gastrulation cell movement, suggesting that
the N-terminal region is dispensable, at least for control-
ling gastrulation. In addition, our observation that wild-
type XGAP exhibited a weaker effect in the Mo-rescuing
experiments and on cell motility in a wound-healing as-
say than XGAP-DN (Figure S5) suggested that the N-ter-
minal region of XGAP might function as a negative regu-
latory domain for the C-terminal region. These results
demonstrated that XGAP may have independent func-
tions through its GAP domain and C-terminal conserved
region.
We also tested whether XGAP has a GAP activity.
ARFs are classified into three groups based on their
structure, and thus we used ARF1, ARF4, and ARF6 as
a representative of each group and tested XGAP’s
GAP activity for each potential substrate. In our experi-
ments, XGAP strongly bound ARF6, but not ARF1 or
ARF4, through its GAP domain and activated ARF6’s
GTPase hydrolysis activity (Figures S6A–S6C), even
though XGAP’s sequence is most similar to ARG3,
which has a GAP activity for ARF1 in vitro (Liu et al.,
2001). These data indicated that XGAP may be a specific
GAP for ARF6 in Xenopus.
Moreover, in a preliminary experiment, the overex-
pression of both constitutively active and dominant-
negative forms of ARF6 (ARF6-Q67L and ARF6-T27N, re-
spectively) caused gastrulation-defective phenotypes,
such as neural-tube closure defects, without affecting
cell fates (data not shown). These results indicated that
ARF6 might also be involved in the regulation of gas-
trulation cell movements or later neural tube closure.According to our spatio-temporal analysis of ARF6 ex-
pression by WISH, however, the transcripts were almost
ubiquitous except in the axial mesoderm region and no-
tochord, where XGAP transcripts are detected (Fig-
ure S6D). Thus, we conclude that XGAP might cooperate
with ARF6 during gastrulation, but even if it does, the co-
operation occurs in the ectoderm, not in the intercalating
mesoderm.
The Mechanism of XGAP Function and Its
Cooperative Action with PAR Proteins
In this report, we found a correlation between XGAP’s
ability to rescue the XGAP-Mo phenotype and its local-
ization to the tips of the spindle-shaped cells in the
DMZ (Figure 4). Therefore, the polarized subcellular lo-
calization of the XGAP protein seems to be critical for
normal morphogenetic cell movements. We also dem-
onstrated that XGAP has a role in the mediolateral local-
ization of the PAR proteins 14-3-33, xPAR-6, and xPKCl
in the DMZ during gastrulation, and the localization co-
incides with the lamellipodial protrusive activity that
pulls cells between one another (Keller, 2002). Since
we also found that depletion of one of the polarity pro-
teins, PAR-6, by its specific MO or a dominant-negative
form of aPKC disrupted the spindle-shape morphology
of DMZ cells and the bipolar localization of Vn-XGAP
(Figure 7B), we concluded that XGAP and PAR proteins
function in a mutually dependent fashion. Based on our
findings that XGAP is required to confine the active pro-
trusions to the mediolateral ends of the cells and that the
modification of XGAP by aPKC may be required for
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complex to the ends of the cells, it is possible that the
non-GAP domain of XGAP is required for assembling
a protein complex that includes PAR proteins; this com-
plex determines the correct positioning of protrusions
and accelerates the gastrulation cell movements. On
the other hand, we certainly need to further confirm
that all these observations obtained with Keller explants
indeed represent what is occurring in the deep layer
of mesoderm of embryo, which perhaps requires
much more sensitive detection systems optimized for
Xenopus embryo.
The disruption of either xPAR-6 or xPKCl function
causes gastrulation defects (Kusakabe and Nishida,
2004). In addition, 14-3-33 and aPKC translocate the
PAR-1 protein from the inner plasma membrane into
the cytoplasm (Kusakabe and Nishida, 2004). PAR pro-
teins, including aPKC, PAR-3, PAR-6, 14-3-3/PAR-5,
and PAR-1, are known to comprise an essential system
regulating a variety of cellular processes related to cell
polarity (Ohno, 2001; Pellettieri and Seydoux, 2002).
Therefore, it is reasonable to speculate that a similar, if
not identical, system is used to establish the mediolat-
eral polarity of the dorsal mesodermal cells that partici-
pate in the gastrulation cell movements in Xenopus. It is
still unclear, however, how the XGAP and other PAR pro-
teins cooperate to establish cell polarity. One clue may
be that PAR-1 expression is often mutually exclusive
with that of aPKC/PAR-3/PAR-6 in the cells of several
systems. Thus, XGAP and 14-3-33 may be required to
exclude PAR-1 from the plasma membrane, thereby in-
directly stabilizing the aPKC/PAR-3/PAR-6 complex
near the membrane at the both ends of the cells in the
DMZ. To clarify the overall picture of cell polarity estab-
lishment in Xenopus, a temporal profile of the physical
interactions between XGAP and the PAR proteins and
the signal regulating XGAP’s localization need to be fur-
ther investigated.
The Possible Role of XGAP in Wnt/PCP Signaling
The noncanonical Wnt/PCP pathway is thought to play
a major role in the regulation of gastrulation cell move-
ments. The membrane localization of Xdsh appears to
be important for the activation of this pathway (Morigu-
chi et al., 1999) and for the protrusive morphology in the
DMZ or animal cap (Iioka et al., 2004; Wallingford et al.,
2000). Therefore, we investigated whether XGAP affects
the PCP signaling pathway. However, neither overex-
pression nor the knockdown of XGAP affected the mem-
brane localization of Xdsh induced by Fz7 in animal caps
(data not shown) or changed the induction of the protru-
sive morphology of the animal cap and DMZ cells ectop-
ically induced by Wnt11 and Fz7 (Figure S3). Given
these, we conclude that XGAP is not directly involved
in the Wnt/PCP signaling itself.
Recently, we reported that several proteins playing
a role in gastrulation; for example, PKC, Arp2/3, actin,
and PCP components Xdsh and Rac are localized to
the tips of polarized cells undergoing gastrulation
(Kinoshita et al., 2003). In addition, a physiological and
functional interaction between the PCP pathway and
PAR proteins has been reported in Drosophila and Xen-
opus (Sun et al., 2001; Ossipova et al., 2005; Djiane et al.,
2005). In Drosophila, an aPKC/dPatj complex inhibitsFz1-PCP activity without affecting the Fz localization
or Dsh recruitment to the membrane (Djiane et al.,
2005). Therefore, it is still possible that the confined
PAR proteins and PCP signaling in the mediolateral
sides are mutually related. It will be interesting to exam-
ine in future experiments how the components of PCP
and apical-basal polarity cooperate to orchestrate the
morphogenetic cell movements by localizing the pro-
teins to the same region of the cells.
Experimental Procedures
Construction of a Keller Explant cDNA Library
About 1000 individual Keller explants were dissected at stage 10.5
and cultured in 0.1% BSA/13 Steinberg’s solution. Total RNA was
isolated by the acid guanidinium thiocyanate-phenolchloroform
method from the explants at stages 11–15, and then 4 mg of poly
A+ RNA was oligo-dT primed (XhoI dT primer). A cDNA library was
made with the ZAP-cDNA Synthesis Kit (Stratagene) according to
the manufacturer’s instructions, with minor modifications. After
the second-strand synthesis, EcoRI adaptors were ligated and the
cDNA was directionally cloned with EcoRI at the 50 end and XhoI
at the 30 end into the pCS2p+ vector. The average insert size was
about 2 kb. The host bacterium was XL2-Blue (Stratagene). The ap-
proximately 46,000 individual clones from this library were arrayed
by the National Institute for Basic Biology (NIBB), and their ESTs
were sequenced by the National Institute of Genetics (NIG), as part
of the National BioResource Project in Japan.
Functional Screening
Pools (8–12 clones/pool) of the plasmids were linearized with NotI
and used as DNA templates for capped mRNA synthesis by SP6
RNA polymerase with the mMESSAGE mMACHINE kit (Ambion)
and purified on a NICK column (Pharmacia). A total of 2 ng of the syn-
thetic mRNA was microinjected into the two dorsal blastomeres of
four-cell-stage embryos and screened by observing the morpho-
genesis after gastrulation. Each clone of the positive pool was
then rescreened to isolate a single clone.
Plasmids, mRNA, and Antisense Morpholino Oligonucleotides
Full-length XGAP with or without the 50UTR, each truncated XGAP,
x14-3-33, and the xPAR-6 fragments were amplified by PCR and
subcloned into a pCS2p+ vector with or without the Venus, RFP,
GST, Myc, and Flag tag, respectively. The resXGAP was generated
by synonymous substitutions in the Mo targeting region with the fol-
lowing primers: 50-attgatcaatggcagagccccacaaacaggacatcg-30 and
50-cgctcgagttatgatccgtattt-30.
Plasmids were linearized with NotI. Capped mRNAs were synthe-
sized with the mMESSAGE mMACHINE kit (Ambion) and purified on
a NICK column (Pharmacia).
Antisense morpholino oligonucleotides were obtained from GENE
TOOLS. The morpholino oligo sequence was constructed over the
first Met as follows: XGAP-Mo, 50-cggttccgccattctccgtctctct-30.
We used the Mo for a scrambled antisense sequence (Ctrl Mo) as
a control. Each Mo was injected at 8.3 ng per one blastomere of
an embryo.
Embryonic Manipulation
Xenopus eggs were fertilized in vitro as described (Yamamoto et al.,
2001), and then capped mRNA or a morpholino oligonucleotide was
microinjected into the marginal zone of four-cell-stage embryos. Af-
ter the injection, the embryos were cultured in 3% Ficol/0.13 Stein-
berg’s solution until the appropriate stage for each experiment.
In Situ Hybridization and RT-PCR Analysis
In situ hybridization was performed with a digoxigenin-labeled RNA
probe and alkaline phosphatase substrate (BM purple) (Boehringer
Mannheim), as described previously (Harland, 1991). RT-PCR was
carried out as reported (Chung et al., 2004). The expression of
each mRNA was detected by PCR with the following specific
primers: XGAP-F, 50-aggcacctccccctttaaccgtca-30; XGAP-R, 50-
acttctctggcaggagggtt-30; xARG3-F, 50-gcttctcattcggagcaggtta-30;
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Xbra, Xwnt11, goosecoid, myf5, otx2, chd, and ODC, an internal in-
put control, were as previously described (Chung et al., 2004).
Live-Color Imaging and Time-Lapse Confocal Analysis of Cell
Behavior
Live-color imaging in Xenopus embryos was carried out as de-
scribed (Wallingford et al., 2000), with minor modifications. Briefly,
100 pg of the mRNA of a Venus- or RFP-tagged construct was in-
jected into four-cell-stage embryos. Keller explants were isolated
from stage 10.5 embryos and cultured in 0.1% BSA/13 Steinberg’s
solution in a glass-bottomed dish coated with fibronectin (FN)
(w0.1 mg/ml, F1141; Sigma-Aldrich) at 13ºC for 20–24 hr or at
22ºC for 8–12 hr with similar results. The observation was performed
just after cells became spindle shaped, when the intercalation
started, 5 mm deep in the tissue from the surface of the explant by
laser-scanning confocal microscopy with a Carl Zeiss LSM510
microscope.
The protrusive orientation was quantified by counting the active
protrusions by time-lapse recording for 10 min at 20ºC. The orienta-
tion of the protrusion was based on 60º for mediolateral and 120º for
anteroposterior sectors, which made the ratio of the orientation in
control explants nearly equal to that in a previous report (Wallingford
et al., 2000).
Pull-Down Assay Followed by Mass Spectrometry
Pull-down assay followed by mass-spectrometry analysis with the
GAP-domain-deleted hARG3 in HEK293T cells was carried out as
described (Komatsu et al., 2004), with minor modifications.
Immunoprecipitation
HEK293T cells were transiently transfected with the indicated con-
structs by the calcium phosphate method. Forty-eight hours after
transfection, the cells were lysed in lysis buffer (50 mM Tris-HCl
[pH 7.5], 150 mM NaCl, 5 mM EDTA, 0.5% NP-40, 50 mM NaF, 1
mM dithiothreitol, 1 mM sodium orthovanadate, 1 mM [p-amidino-
phenyl] methanesulphonyl fluoride-HCl, 10 mg/ml aprotinin, 10 mg/
ml pepstatin, and 20 mg/ml leupeptin). For coimmunoprecipitation,
the lysates were incubated with 10 ml of protein A Sepharose beads
and the appropriate antibodies at 4ºC overnight. The immunoprecip-
itates were washed five times with 200 ml of lysis buffer and analyzed
by Western blot analysis with the appropriate antibodies. Myc 9E10
(Santa Cruz), Flag M2 (Kodak), antibodies to GFP (MBL), and phos-
pho-serine Q5 (QIAGEN) were used to detect proteins.
Supplemental Data
Supplemental Data including six figures are available at http://www.
developmentalcell.com/cgi/content/full/11/1/69/DC1/.
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